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Primary heart ﬁeldHere we show the temporal–spatial orchestration of early heart morphogenesis at cellular level resolution, in
vivo, and reconcile conﬂicting positional fate mapping data regarding the primary heart-forming ﬁeld(s). We
determined the positional fates of precardiac cells using a precision electroporation approach in combination
with wide-ﬁeld time-lapse microscopy in the quail embryo, a warm-blooded vertebrate (HH Stages 4
through 10). Contrary to previous studies, the results demonstrate the existence of a “continuous” circle-
shaped heart ﬁeld that spans the midline, appearing at HH Stage 4, which then expands to form a wide arc of
progenitors at HH Stages 5–7. Our time-resolved image data show that a subset of these cardiac progenitor
cells do not overlap with the expression of common cardiogenic factors, Nkx-2.5 and Bmp-2, until HH Stage
10, when a tubular heart has formed, calling into question when cardiac fate is speciﬁed and by which key
factors. Sub-groups and anatomical bands (cohorts) of heart precursor cells dramatically change their
relative positions in a process largely driven by endodermal folding and other large-scale tissue
deformations. Thus, our novel dynamic positional fate maps resolve the origin of cardiac progenitor cells
in amniotes. The data also establish the concept that tissue motion contributes signiﬁcantly to cellular
position fate — i.e., much of the cellular displacement that occurs during assembly of a midline heart tube
(HH Stage 9) is NOT due to “migration” (autonomous motility), a commonly held belief. Computational
analysis of our time-resolved data lays the foundation for more precise analyses of how cardiac gene
regulatory networks correlate with early heart tissue morphogenesis in birds and mammals.© 2009 Elsevier Inc. All rights reserved.Introduction
Avian and human embryonic hearts share similar morphologies
(De la Cruz et al., 1977; De la Cruz et al., 1983; De La Cruz et al., 1989;
Abu-Issa and Kirby, 2008) and many cardiovascular malformations
found in the chicken embryo are similar to those found in humans
(Nishibatake et al., 1987). However, unlike mammals, the avian
embryo is readily amenable to ex ovo culture and imaging. This optical
accessibility allows direct observation of the cellular movements
comprising heart formation in a warm-blooded experimental system.
During amniote cardiogenesis, epiblast cells ingress through the
primitive streak and the newly formedmesodermal cells move cranio-
laterally to segregate into two layers: the splanchnic mesoderm and
the somatic mesoderm. At Hamburger and Hamilton (HH) Stage 6
(Hamburger and Hamilton, 1951), as the quail anterior endoderm
folds, heart progenitor cells in the splanchnic mesoderm translocate toogy, National Heart, Lung and
MD 20892, USA.
l rights reserved.the midline and fuse to form a tubular heart. As the “foregut”, or
anterior intestinal portal (AIP), regresses caudally, a primitive heart
“trough” is formed; open along its dorsal aspect (Moreno-Rodriguez
et al., 2006; Stalsberg and DeHaan, 1969). The anterior and posterior
portions of the dorsal roof of the trough continue to close, and the
tube elongates bidirectionally (Moreno-Rodriguez et al., 2006)
forming a “linear” heart tube between HH Stages 9 and 11. The linear
heart tube consists of the apical portions of both ventricles. By HH
Stage 11 the heart begins to bulge to the embryonic-right. At HH Stage
12 the beating heart has formed a loop, and is comprised of a proximal
primitive outlet, which connects to the two ventral aortae cephali-
cally, the apical portions of both ventricles, the primitive atria and a
primitive inlet (De La Cruz et al., 1989).
Beginning with Rawles (1936, 1943), researchers have proposed
positional fate maps of the heart-forming regions by observing the
location of heart precursor cells at progressive developmental stages
(DeHaan, 1963; Garcia-Martinez and Schoenwolf, 1993; Rosenquist,
1970; Stalsberg and DeHaan, 1969; and reviewed in Abu-Issa et al.
(2004), Abu-Issa and Kirby (2007), Yutzey and Kirby (2002)).
Presumptive molecular “markers” have also been used to identify
precardiac cells in the primary heart-forming ﬁeld (Ehrman and
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Among these, the homeobox gene, Nkx-2.5 (Evans, 1999; Harvey,
1996; Schultheiss et al., 1995; reviewed in Olson (2006)), Bmp-2
(Schultheiss et al., 1997) and the transcription factor, GATA-4, along
with other GATA family members (Jiang et al., 1998; Kostetskii et al.,
1999), are commonly acknowledged as markers of cardiogenesis.
GATA-4 and Nkx-2.5 are expressed in cardiogenic precursors in a
pattern that largely overlaps with the Bmp-2 expression in the
endoderm. Nkx-2.5 and Bmp-2 gene expression is observed in a
crescent shape pattern at HH Stages 5–8 (Schultheiss et al., 1995),
with Bmp-2 expressed more caudally than Nkx-2.5 (Schultheiss et al.,
1997; Schultheiss et al., 1995). In contrast, GATA-4 is absent at the
anteriormidline prior to HH8 (Jiang et al., 1998; Kostetskii et al., 1999).
Numerous other studies have focused on if, and when, precardiac
cells are pre-patterned to occupy a certain positional fate in the
tubular heart. These studies generated a wide range of hypotheses
regarding the spatial and temporal boundaries of the heart-forming
region of amniotes. While valuable, this literature is difﬁcult to
reconcile into a uniﬁed perspective, and underscores the critical need
for unbiased, dynamic cell and tissue positional fate maps.
The reliability and interpretation of previous heart fate mapping
studies was limited by the existing technical methods of the time. For
example, early workers such as DeHaan, Stalsberg and Rosenquist,
could not exclusively label mesodermal cells for tracking, ﬂuores-
cently or otherwise. The use of lipophilic ﬂuorescent dyes, such as DiI,
does not permit simultaneously tagging of large numbers of
mesodermal cells at distinct locations in the same embryo — which,
in turn, precludes computationally mapping their relative anterior–Fig. 1. Colors were assigned to tracked heart precursor cells in quail embryos to denote their
(V-D) axes. Fluorescent tracked precardiac cells were selected from a population of electropo
reside on the surface of the tubular heart. (A) A ﬂuorescent image of an HH Stage 10 heart wit
heart tube is a cylinder with a radius R: deﬁned as the distance from the midline reference po
all tracked cells are on the cylinder's surface. The radius R represents the longest distance
arrowhead) at the same A-P level. The radius measurement can vary at different A-P levels. (
the same A-P level is used to calculate the tracked cell's position on the cylinder surface (c) u
position on the cylinder's surface to indicate its relative position along the V-D axis. The col
positions and the color green represents the lateral-most positions. Along the A-P axis, the
reference points: A, the anterior-most point and B, the posterior-most point of the heart tube
blue represents the posterior-most positions and the color green represents the middle posi
Stage 10 (cells in the white circle in panel A) are assigned the color pink (see Fig. 2 and Moposterior and dorsal–ventral positions at high spatiotemporal resolu-
tion (Ehrman and Yutzey, 1999; Hochgreb et al., 2003; Redkar et al.,
2001; Xavier-Neto et al., 2001). In short, cellular resolution, “real-
time” precardiac cellular displacements were not recorded in previous
studies.
Using a precision DNA plasmid electroporation protocol, and our
well-established computational time-lapse microscopy, we show the
trajectories of cardiac precursor cells as they contribute to forming the
tubular heart. A major advantage of this approach is that the
technology allows one to “run the movies backward”. This important
feature permits an observer to identify cells within the deﬁnitive
linear heart (HH Stage 10) and to follow these cells, or their
progenitors, frame-by-frame, backwards in time to their original
positions in the mesoderm.
Here we show dynamic positional fate maps of precardiac cells. In
doing so, we demonstrate that a bilateral, continuous primary heart-
forming region exists at early stages in the avian embryo. More
important, we document relative positional changes of precardiac
cells as they exit the primitive streak and form the tubular heart
(between HH Stage 3+ and HH10). When these empirical positional
fate map data are compared with the expression patterns of Nkx-2.5
and Bmp-2 (HH Stages 5 and 10), the results identify a subset of
cardiac progenitor cells that do not share overlapping expression
patterns with these purported cardiogenic markers— until the tubular
heart stage. Importantly, our time-lapse data reveal that the bulk of
the precardiac cellular displacements during heart tube formation
are driven by long-range tissue convection as opposed to cellular
autonomous motility.positions at HH Stage 10 along both the antero-posterior (A-P) and the ventral–dorsal
rated epiblastic cells that gastrulated, formed splanchnic mesodermal cells, and came to
h tracked cells labeled with grayscale (intensity) values. To simplify, we assume that the
ints (arrowheads) to lateral reference points (arrows) at successive A-P levels; and that
between a lateral point (white arrow) and the corresponding midline point (white
B) The distance (x) between a tracked cell and the midline position of the heart tube at
sing the equation shown. (C) The tracked cell is then assigned one color according to its
or red represents the ventral-most positions; the color blue represents the dorsal-most
tracked cells are assigned a separate color according to their positions relative to two
(see panel A asterisks). The color red represents the anterior-most positions; the color
tions. The cells that reside caudal to the heart (future omphalomesenteric veins) by HH
vie 3).
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Embryo culture and electroporation method
Fertile chicken (Cornish-Cross, Ozark Eggs, Stover, MO) and
Japanese quail (Coturnix coturnix japonica, Ozark Eggs, Stover, MO)
eggs were incubated for 8–12 h. The HH Stage 3 embryos (Hamburger
and Hamilton, 1951) were mounted on ﬁlter paper rings and cultured
at 37 °C in 35 mm Petri dishes coated with agar-albumen substrate
(Chapman et al., 2001). Epiblastic cells were electroporated at and
near the primitive streak at HH Stages 3 to 3+ with DNA plasmids
encoding ﬂuorescent proteins, then incubated at 37 °C (Cui et al.,
2006). Cells in the electroporated regions express ﬂuorescent proteins
within 3 h, subsequent time-lapse recording commenced at HH3+ to
HH5 and continued until HH12.
Image acquisition and data analysis
Wide-ﬁeld time-lapse recording (Czirok et al., 2002) was used to
record large-scale tissue displacements, at 1 μm resolution, every
6–8 min in brightﬁeld and ﬂuorescent modes. For each ﬁeld and
optical mode, 7–9 images were acquired in multiple focal planes,
separated by 10 μm. As a result of over-sampling in the z plane, no
feature moves out of focus during the extended (20–30 h) recording
time. Post image-acquisition, the digital ﬁles were processed to
produce full-scale images registered to correct for X–Y shift during the
experiment. Fluorescently labeled precardiac cells of interest wereFig. 2. Sequential time-lapse frames of “tracked” primary cardiac precursor cells compiled fro
and superimposed upon a corresponding brightﬁeld image (panels A–F). The color code deno
in Fig. 1. The cranial-most cells were tracked on both sides of the embryonic vertebral axis (
(panel A) were tracked only on the embryonic left side. The colored radian lines emanating
time point. See Movie 3 for the corresponding time-lapse data. The columns of smaller
hybridizations using Bmp-2 or Nkx-2.5 probes. In situ hybridizations are shown in quail embr
to the heart (future omphalomesenteric veins) by HH Stage 10 and will eventually contribu
Nkx-2.5 expression. Scale bar: 200 μm.conﬁrmed to be within the heart tube at HH Stage 12 — i.e., after
heartbeat and bending to the embryonic-right (see Movie 1). These
precardiac tagged cells were traced backward through successive
image frames from HH Stage 10 to HH Stage 3+ as cells ﬁrst exit from
the primitive streak (Movies 2–4).
Cell positionsweremarked at sequential time frameswith assigned
grayscale values, and the images were processed in MATLAB (Math-
works) to calculate the coordinates of the tracked cells (Figs.1A and B).
Using a custom C++ program, tracked cells from 6 different embryos
were combined and mapped to a “standard” embryo at progressive
developmental stages. These cells were assigned colors according to
their ﬁnal anatomical positions in the tubular heart at HH Stage 10
(Fig. 1C) with respect to both the antero-posterior (Fig. 2) and to the
dorsal–ventral (Fig. 3) axes; see also QuickTime Movies 3–4.
Using our electroporation approach and H2B-GFP, H2B-RFP or
mito-YFP we were able to label a subset of epiblastic cells, some of
which gastrulated and formed precardiac mesodermal cells. In other
words, the number of cells tracked was limited by the following: 1)
not all mesodermal cells (including precardiac cells) are ﬂuorescently
labeled following electroporation of epiblastic cells, 2) not all
ﬂuorescent cells contribute to the tubular heart. Only ﬂuorescent
cells/cell nuclei that came to reside in the heart by HH Stage 10 were
followed. Thus, we could only track a subset of cardiac precursor cells.
When choosing cells to track from HH10 back to earlier stages, we
chose myocardial cells based on the following three conditions: 1) the
tracked cells were located on the outer surface of the heart tube when
the heart tube rotated to one side of the embryo at HH Stage 12 (seem6 quail embryos between HH Stages 4 through 9. The tracked cells are pseudo-colored
tes a cell's ﬁnal position in the HH10 heart tubewith respect to the A-P axis, as explained
see white arrows); while cells originating inside the region depicted by the white oval
from Hensen's node (HN) denote the spatial boundaries of the color-coded cells at each
image panels depict a series of whole-mounted embryos subjected to RNA in situ
yos for Nkx-2.5, and in chicken embryos for Bmp-2. Cells colored pink will reside caudal
te to the atrium. Black arrows indicate a subset of pink cells that do not overlap with
215C. Cui et al. / Developmental Biology 332 (2009) 212–222Movie 1); 2) the myocardial cells moved in clusters (in earlier stages);
whereas endothelial/endocardial cells arise as polygonal networks
that are drawn into the myocardial mantle by passive tissue
deformations; i.e. regression of the anterior intestinal portal (Czirok
et al., 2002); and 3) the tracked (myocardial) cells behaved differently
when compared to the endocardial and endothelial cells observed in
time-lapse movies of Tie1 transgenic quail (unpublished data, Drs. R.
Lansford and B. Rongish).
All cells tracked in this study contribute to the heart tube by HH
Stage 10— therefore the region fromwhich these tracked cells arise is
referred to as the “primary heart-forming region”, while the
electroporated cells residing in this region are referred to as “primary
cardiac precursor cells”, or simply “cardiac precursor cells”.
References to the primitive streak are as follows: along the
anterior–posterior axis — the 100% position is at the rostral/cranial
tip of the primitive streak while the 50% position is at the middle of
the primitive streak.
Plasmid DNA vectors
A combination of three DNA plasmids encoding ﬂuorescent
proteins was used: H2B-GFP (Cui et al., 2006), Mito-YFP (Clontech,
Mountain View, CA) and H2B-RFP (Campbell et al., 2002).
In situ hybridization
In situ hybridization was performed as described previously
(Henrique et al., 1995). Nkx-2.5 expression patterns were analyzed
in chicken and quail embryos, and Bmp-2 expression patterns were
analyzed in chicken embryos using the antisense digoxigenin-RNAFig. 3. Sequential time points show cellular motion analyzed with respect to the dorsoventra
cells from6 quail embryoswere tracked betweenHH Stages 4 and 9 (A–F). The color code deno
in Fig. 1. The cranial-most cells were tracked on both sides of the embryonic axis (as indicat
colored radian lines emanating from Hensen's node (HN) denote the spatial boundaries of th
right of each respective time-lapse frame. The corresponding in situ hybridizations for Nkx2probes prepared from plasmids containing chicken Nkx-2.5 and Bmp2
cDNAs (Schultheiss et al., 1997; Schultheiss et al., 1995).
Whole-mount immunolabeling and histology
Embryos were ﬁxed with 3% paraformaldehyde in PBS for 30 min
and washed with PBS/Azide solution. For whole-mount immunola-
beling using anti-GFP (H2B-GFP and Mito-YFP labels), embryos were
incubated in 0.4% Triton for 15 min at 4 °C and washed with PBS/
Azide solution. Embryos were incubated in BSA blocking solution for
3 h at 4 °C followed by anti-GFP antibody (Molecular Probes) at
1:1000 in BSA blocking solution overnight, and subsequently were
washed 3 times with PBS/Azide solution. For histology, embryos
were dehydrated in a series of ethanol, placed in JB4 inﬁltration
medium (Electron Microscopy Sciences, Hatﬁeld, PA) at 4 °C over-
night, and embedded in JB-4 resin. Subsequently, 10 μm sections
were prepared.
Results
The primary heart ﬁeld is contiguous at all stages
HH Stages 3+ and 4− precardiac cells, which will later comprise
the tubular heart at HH Stage 10, are arranged in an essentially
complete circular pattern, while exiting the 50–100% primitive streak
(Fig. 2 panel A; Movie 3). At HH Stage 5 and later stages, the primary
heart-forming region presents as a continuous arc extending across
both sides of the embryo (Fig. 2 panels B–D;Movie 3). A small number
of cells cranial to Hensen's node at HH4− form the anterior-most and
ventral-most portions of the heart at HH Stage 10 — of this smalll, D-V, axis. The panels are arranged similar to Fig. 2, in which primary cardiac precursor
tes a cell's ﬁnal position in theHH10 heart tubewith respect to the D-V axis, as explained
ed in Fig. 2), while only left side cells were tracked for the D-V analysis (Movie 3). The
e color-coded cells at each time point. RNA in situ hybridization panels are shown to the
.5 are shown in chicken embryos. Bmp-2 images are duplicates of those seen in Fig. 2.
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the embryonic vertebral axis (see Movies 4 and 5).
Tagged cells remaining within the larger cohort were tracked only
on the left side (68 cells in four embryos), and were observed to move
laterally and cranially (see cells in white circle, Fig. 2A and Movie 3).
Cells were tracked on one side of the specimens, as it is widelyFig. 4. Images of whole-mount embryos (WM-BF and WM-GFP) and their longitudinal
electroporated with mito-YFP at HH3 and whole-mount (WM) immunolabeled with anti
sections are marked as solid white lines inWM-GFP images. The A-P levels of cardiac precurs
marked with black asterisks in WM-BF images and with white dashed lines and asterisks
embryos in whole-mount images are viewed from their ventral side. Double-headed arrow
dorsal directions of the sections. Thewhite boxes indicate the corresponding regions of the fo
as the lip of the headfold. White scale bars: 100 μm. HN=Hensen's node; PS=primitive staccepted that the spatial pattern of the primary heart-forming region
is bilaterally symmetrical. Assuming there is a mirror-image cohort of
cells on the embryonic-right side — the primary heart ﬁeld at Stage
3+ and 4 conforms to a virtually “closed” circular pattern that segues
into a continuous arc at Stage 5, when cardiac precursor cells cease
exiting the primitive streak.sections (DIC and GFP) at HH5 (A), HH6 (B) and HH7+ (C). Quail embryos were
-GFP antibody to enhance the ﬂuorescence signal before sectioning. The longitudinal
or cells that reside at the cranial-most positions, as suggested in our time-lapse data, are
in images of longitudinal sections. White arrowheads mark the mesodermal cells. The
s with letters ‘V’ and ‘D’ in DIC images of longitudinal sections indicate the ventral and
rming headfold at each time shown. The boxed region in panel C is referred to in the text
reak.
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anterior-most cardiac precursor ﬁeld, longitudinal plastic sections
(10 μm) were cut from the anterior midline (solid white line in Fig. 4)
of labeled HH Stages 5 (panel A), 6 (panel B) and 7 (panel C) embryos.
Sections were whole-mount labeled using anti-GFP antibody to
identify the H2B-GFP and Mito-YFP labeled cells. The sections show
ﬂuorescent cells within both the primitive endoderm and a dis-
continuous layer of mesoderm. The observed variability in ﬂuores-
cence between cells in the same germ layer and/or between cells in
the endoderm versus the mesodermmay be due to the number of cell
divisions that have occurred since labeling of the parent epiblastic cell.
The cells are visible using both the DIC and ﬂuorescence optics. The
solid white line represents the positions of longitudinal-section
images and the dashed white lines and asterisks represent the levels
of the anterior-most cardiac precursor cells observed at each stage.
It is interesting that at the level of the anterior-most cardiac
precursor cells mapped in this study (marked by white dashed lines
and asterisks in Figs. 4 and 5), mesodermal cells are present at the
midline at all stages examined (white arrowheads in Fig. 4). In
contrast, mesodermal cells found more anterior to the levels occupied
by precardiac cells at HH Stages 5 and 6 (arrowheads shown in boxed
areas in Fig. 4 panels A and B), were not observed in the lip of the
headfold by HH Stage 7+ (boxed area in Fig. 4C). The (GFP)
longitudinal sections of electroporated embryos show that in the lip
of the headfold at HH Stage 7+ (boxed area, Fig. 4C), ﬂuorescently
labeled cells are found in the endoderm, but not in the ectoderm.
These cells overlap with a region of Nkx-2.5-expressing cells (Fig. 5C).
Cardiac progenitor locomotion and distribution at progressively later
developmental stages
HH Stages 3–4
At Stages 3–4, the cardiac precursor cells intermix with each other
during ingression and as they move away from the 50–100% primitive
streak position. There is no easily discerned motion pattern that
characterizes cellular intermingling along the ventral–dorsal axis (as
indicated by the colors of the labeled cells; see Fig. 3 panel A).
However, a general anterior–posterior (A-P) pattern was discerned
(Fig. 2 panel A). Most red-colored cells (in Fig. 2A) have previously
ingressed through the streak. Ultimately all the red-colored cells
establish an anterior position fate in the HH10 heart.
Cells assigned with the colors green and yellow are intermixed, but
generally take positions anterior to blue cells. Pink cells, the sinoatrial
precursor cells, are still ingressing through the primitive streak atFig. 5.Whole-mount embryo RNA in situ hybridization for Nkx-2.5 and longitudinal-section i
black lines in whole-mounted (WM) in situ images indicate the site of longitudinal sections
reside at the anterior-most positions as suggested in our time-lapse data. The whole-mounte
‘D’ in longitudinal-section images indicate the ventral and dorsal directions of the sections.HH3+. By HH Stage 4− (Fig. 2A), all cardiac precursor cells that
originated from the 75–100% primitive streak sector have exited the
primitive streak and departed the midline. Meanwhile other cardiac
precursor cells continue to ingress at the 50–75% sector of the
primitive streak.
HH Stage 5
All cardiac precursor cells leave the primitive streak by HH Stage 5
and the heart-forming region exists as an arc (Fig. 2 panel B). The HH5
cardiac progenitors continue to shift their positions relative to nearby
labeled cells at high frequencies when compared to later stages;
meanwhile the overall A-P and V-D patterns become more discern-
able. Simultaneously, the anterior-most cardiac precursor cells
gradually begin to move in a collective, non-random, fashion. Thus,
cardiac precursor cells gradually acquire relatively stable anterior–
posterior and ventral–dorsal position fates — which correspond to
their deﬁnitive position in the HH Stage 10 heart tube.
HH Stage 7
Compared to earlier stages, HH7 cardiac precursor cells and
surrounding mesodermal cells rarely change relative positions and
begin to showa spatial regularity that bridges several cell-diameters—
further stabilizing their positional fate pattern along the antero-
posterior and ventral–dorsal axes. This spatial constancy will continue
to be manifested in the HH Stage 10 heart tube.
With respect to the A-P axis (Fig. 2 panel C), the anterior cardiac
precursor cohort, in red, expands to occupy tissue from the cranial-
most position to a position approximately 35° along a radian
originating at Hensen's node (i.e., between the red lines in panel C
of Fig. 2). Further, these red-colored (presumptive anterior) cells are
found in the medial-most positions compared to the other labeled
cells. The cardiac precursor cells in green extend across a sector 25° to
80° (i.e., between the green lines), and are positioned between red-
and blue-labeled cells. The cardiac precursor cells denoted in blue
contribute to the posterior-most positions at HH10 and extend from
about 35° to 90° (i.e., between the blue lines).
With respect to the D-V axis (panel C in Fig. 3) — the cardiac
precursor cells denoted in red contribute to the ventral-most positions
in the HH10 heart tube and extend from the cranial-most positions to
about the 50° sector (i.e., between the red lines). With respect to the
mediolateral axis, these same red-colored (presumptive ventral) cells
tend to be observed later at the medial-most positions. The cardiac
precursor cells denoted in green contribute to the lateral side
positions in an HH10 heart tube and are observed in a D-V sectormages of avian embryos at HH5+ (A; chick), HH6+ (B; quail) and HH7+ (C; quail). The
. White dashed lines and asterisks indicate the A-P levels of cardiac precursor cells that
d embryos are viewed from their ventral side. Double-headed arrows with letters ‘V’ and
White scale bars: 100 μm.
Fig. 6. Anterior-most cardiac precursor cells overlap with Bmp-2 expression patterns at
HH5 and HH7. The image in panel A depicts an HH4− embryo showing only cells fated
to assume cranial-most heart positions at subsequent stages (see Movies 4 and 5).
Panels B and C are duplicates of Fig. 2 HH5 and HH7, with the black boxes showing a
region expressing Bmp-2. Panels B′ and C′ show the boxed regions at higher
magniﬁcation.
218 C. Cui et al. / Developmental Biology 332 (2009) 212–22235° to 80° (i.e., between the green lines). The green-colored cells are
positioned between red- and blue-labeled cells. The cardiac precursor
cells denoted in blue, which come to reside in the dorsal-most
positions in the HH10 heart tube, are present in a 70 to 90° sector (i.e.,
between the blue lines).
HH Stage 7+
After HH7, the epithelialized mesodermal cell layer (splanchnic
mesoderm) and the endoderm-fold separate from the somatic
mesoderm/ectoderm layer as the AIP regresses and the headfold
progresses caudally. The resulting cardiac splanchnopleura rolls-up at
an angle oblique to the embryonic midline (panel D in Fig. 2). As a
consequence of the rolling-up, the cells in the outer positions “ﬂip”
and assume more posterior and inner positions, while the cells
observed in the intermediate positions assume more anterior and
outer positions (see Movie 3). Meanwhile, the rolling-up mechanism
proceeds posteriorly — thus anterior cardiac precursor cells
“exchange” or ﬂip positions at earlier stages compared to cardiac
progenitors at more posterior locations.
HH Stages 8 through 10
By HH8, our movies conﬁrm that cardiac precursor tissues are
engaged in the bilateral fusion necessary to form a single tubular heart
(Fig. 2 panels E and F and Movies 2–4). The cardiac cells/tissue that
rolled-up to the ventral side of the heart tube, at HH10, continues to
descend towards a more posterior position. Meanwhile, the cardiac
precursor cells that maintained their tissue positions and contributed
to the dorsal side of the heart tube continue to ascend towards a more
anterior position. By HH Stage 10, the cardiac precursor tissues have
formed a quasi-cylindrical structure.
Stages after HH10
Individual cardiac cells were not tracked after HH Stage 10 due to
technical limitations imposed by the initiation of the heartbeat.
However, inspection of the time-lapse recordings shows that the
cardiac cells continue to stream into and form presumptive atrial
tissue (accretions at the posterior end of the heart tube) as well as
future sinus venosus tissue (caudal to the heart tube). Similarly, outlet
tissue is recruited from the cephalic mesoderm. Thus, the heart tube
lengthens in both cranial and caudal directions.
Comparison of the dynamically-deﬁned primary heart-forming region
with the expression patterns of Nkx-2.5 and Bmp-2 in ﬁxed specimens
In situ hybridization results revealed no discernable differences
between the expression of Nkx2.5 in chicken and quail embryos. The
expression patterns of Nkx-2.5 (quail, Fig. 2; chicken, Fig. 3) and Bmp-
2 (chicken) form a continuous arc extending on both sides of the
embryo at HH Stages 5–7 and overlap to a great extent with the
nascent heart tube at HH Stage 8 and thereafter— however, signiﬁcant
discrepancies exist between the expression patterns of Bmp-2/Nkx-
2.5 and the location of the primary heart ﬁeld we dynamically
mapped. For example:
1) At the posterior end of the heart-forming region, a subset
(labeled with black arrows) of the cardiac cells that will contribute to
the presumptive atrium (labeled with the color pink) do not overlap
with Nkx-2.5 positive regions until HH Stage 9. (See Figs. 2 and 3, and
Movie 3). When compared to Nkx-2.5 expression, Bmp-2 is expressed
more posteriorly, in the region encompassing many of the pink-
colored progenitors. However, neither Bmp-2 nor Nkx-2.5 expression
overlaps with the lateral-most pink cells (black arrows in Fig. 2,
panels D–F).
2) Between HH Stages 5 and 9, both Bmp-2 and Nkx-2.5 expression
patterns overlap with cells colonizing the presumptive ventricle
(manifested at HH10), except the cells at the anterior tip of the cardiac
crescent. These latter anterior progenitors originated from theHensen's node and nearby streak region at HH Stage 3+ (white
arrows in Fig. 2). Between HH Stages 5 and 7, the time-lapse data
suggest that anterior tip cardiac progenitors do not overlap with the
Nkx-2.5 expressing cells. Fig. 5 shows longitudinal cross-sectional
analysis from whole-mount in situ hybridizations. The dashed white
line and asterisks mark the level of the anterior-most cells that
contribute to the tubular heart. In each case these cells are found
outside the region of Nkx-2.5-expressing cells at the midline.
Prior to HH Stage 7+, the Bmp-2 expression pattern is similar to
that of Nkx-2.5, except for a small patch of Bmp-2 positive cells just
posterior to the endoderm-fold near the midline (Fig. 2 panels B and C
and Fig. 6 panels A–C′). The time-lapse data suggest that the small
region of Bmp-2 expression overlaps with the anterior-most cardiac
precursors at HH Stages 5 and 7 (Figs. 2B and C; Fig. 6 panels B–C′);
however, when the anterior-most cardiac precursor cells incorporate
into the headfold at HH8 and 9, the cells reside in a Nkx-2.5-negative
and Bmp-2-negative region (Figs. 2E and F). Eventually, at HH10,
when these anterior-most cardiac precursor cells incorporate into the
presumptive ventricles, their positions coincide with Nkx-2.5- and
Bmp-2-positive regions (data not shown).
Fig. 7. Schematic representation of the spatial separation of pseudo-colored (based on cell position at HH10) cells at HH7 along the A-P (viewer's left side; hatched) and the V-D
(viewer's right side) axes of the embryo. The color pink represents the region containing cells that will contribute predominantly to the atria by HH12. These data represent cell
tracking in 6 embryos. (See also Movies 1–4).
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overlapping with Nkx-2.5 or Bmp-2 expression at stages earlier than
HH Stage 10. Note the cells indicated by white arrowheads in Fig. 2,
panels E and F.
Discussion
The heart-forming primordium is a coherent and contiguous circular
band of progenitors at stages earlier than previously appreciated
We designed a precision electroporation approach (Cui et al.,
2006) and wide-ﬁeld time-lapse imaging technology (Czirok et al.,
2002). The instrumentation and software enabled us to determine, in
compressed “real-time”, both precardiac cellular trajectories, and the
relative position changes of these cells during gastrulation, axis
formation and early cardiogenesis. Electroporation of early stage
embryos allowed expression of markers by HH Stage 3+. This
approach was advantageous in that precardiac cells could be targeted
with greater efﬁciency at earlier stages.
One important observation arising from the recordings, using
these technological advances, is that the anterior-most cardiac
precursor cells we observe originate immediately adjacent to the
midline axis — thus at very early stages (HH Stage 4) a “continuous”
primary heart-forming region is present.
Earlier work by Rosenquist and DeHaan, (1966) indicated that at a
stage slightly later than our work – HH Stage 5 – bilateral heart-
forming ﬁelds were “bridged” by cells that ingressed through the
streak at HH4 and migrated in a direct route cranially, similar to the
cells we refer to as the “anterior-most cardiac precursor cells”. This
group referred to these “bridge” cells as prospective endocardial and
myocardial cells of the conus. In 1969, Stalsberg and DeHaan reported
that a few prospective endocardial cells and noncardiogenic meso-
derm were present at the midline.
Thus, since the 1960s, controversy has existed regarding when the
heart-forming ﬁelds form a single unit that spans the midline. Redkar
et al. have suggested the heart primordia fuse between HH Stages 7and 8 (Redkar et al., 2001). However it is more generally “accepted”
that the chicken primary heart ﬁelds remain bilateral and physically
separate until HH Stage 9 (Stalsberg and DeHaan, 1969; reviewed in
Abu-Issa and Kirby (2007)), at which time fusion events result in
formation of a tubular heart. Recent work by Abu-Issa and Kirby
(2008) suggests that the initial fusion occurs even later in the chick, at
HH Stage 10. There appears to be species-speciﬁc differences
pertaining to when the heart fuses; for example, Baldwin et al.
showed that a single crescent-shaped population of precardiac
mesodermal cells exists in the presomite rat embryo (Baldwin et al.,
1991).
Although our electroporation technique does not label every cell in
a given region, the recordings convincingly show that the labeled cells
represent a continuous cohort of cells destined to comprise the
midline “linear” heart in quail embryos. Indeed, virtually all the
known cardiac “segments”, present at HH Stage 10, consist of cells that
map back to awell-deﬁned circular band of cells within HH Stage 3+/
4 gastrulae. Moreover, we are able to track the position fate of the
anterior-most cardiac progenitors in time-lapse — both “forward” and
“backward”. Based on the present data, the anterior-most cells we
tracked move in concert with the rotating heart tube after HH10.
These cells appeared to be mostly myocardial in nature and to occupy
the outer surface layer of the heart tube at HH12.
In addition to the recordings, we show labeled cells in a
discontinuous layer of mesoderm and in the adjacent endoderm in
longitudinal sections prepared through the anterior-most cardiac
region of embryos at HH Stages 5, 6, and 7+. Our results clearly show
that mesodermal cells exist in HH Stage 5, 6, and 7+ embryos, at the
level of the anterior-most precardiac cells we dynamically mapped.
Thus, HH10 cardiac cells can be traced back to progenitors that reside
at the midline of HH5, 6, and 7+ quail embryos.
Interestingly, at HH Stages 5 and 6, “transient” mesodermal cells
are also observed at positions cranial to those of the precardiac
precursors. At HH Stage 7+, as the headfold regresses, the region
cranial to the levels of the precardiac precursors moves posteriorly,
forming the lip of the headfold (boxed area in panel 4C). At HH Stage
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Instead, the data show that ﬂuorescently labeled cells are found only
in the endoderm of this region, suggesting that the cranial-most
midline mesodermal cells incorporate into the endoderm layer
between HH Stage 5 and HH Stage 7.
This notion of plasticity between the endoderm and mesoderm at
these stages is supported by that of Seifert et al., who observed closely
associated endodermal and mesodermal cell layers in longitudinal
sections of avian embryos slightly later, at HH Stage 8. These workers
speculated that the adjacent endoderm contributes to mesenchyme
formation at the prechordal plate (Seifert et al., 1993). It is important
to note that the precardiac cells we track in time-lapse pass through
the anterior-most cardiac precursor region discussed by Seifert et al.
Other work suggests that endoderm can arise from cells that ingress,
but migrate and mix with cells in the middle germ layer already
predestined to form mesoderm and endoderm — up to HH Stage 4
(Kimura et al., 2006). The exact cellular architecture of this
mesodermal/endodermal interface will have to be resolved by high-
resolution lineage fate mapping — work that lies beyond the scope of
this study.
The rolling-up movement of cardiac progenitor tissue, between HH7 and
HH8, dramatically alters cellular/tissue positional fate
Much debate has centered on if, and when, cranial–caudal
patterning occurs during heart tube formation. It has been suggested
by some groups that rostrocaudal patterning of the primary cardiac
precursor cells occurs within the primitive streak, and that this
rostrocaudal alignment is retained as these cells move to the midline
to form the heart tube (Fishman and Chien,1997; Garcia-Martinez and
Schoenwolf, 1993). Other groups have suggested that such an event
may occur later, at HH Stage 5 (DeHaan,1963; Rosenquist and DeHaan,
1966; and reviewed in Abu-Issa and Kirby (2007)). More recently, the
idea of a “continuous” rostrocaudal patterning within the primitive
streak has been contradicted (Ehrman and Yutzey, 1999; Redkar et al.,
2001). Our data, like those of Ehrman and Yutzey and Redkar et al.,
also contradict the idea of continuous rostrocaudal patterning which
ﬁrst occurs within the primitive streak. Furthermore, our data show
how cells, which originate from similar A-P levels along the primitive
streak, change their relative positions when the cardiac splanchno-
pleura tissues roll-up during HH7 and HH8.
Speciﬁcally, the general movement pattern of mesodermal cells
between HH Stages 3+ and 7 is that the cells exiting from more
anterior (or cranial) positions in the primitive streak eventually reside
at more medial locations in the mesoderm; while the cells exiting
from more posterior (or caudal) positions in the primitive streak
colonize more lateral locations in the mesoderm in later stages. The
bilateral tissues will eventually return to the midline and fuse (Yang
et al., 2002). The tissue displacement or rolling-up movement occurs
ﬁrst anteriorly and then propagates posteriorly to positions near the
atrio-sinus venosus junction after HH10. As the result of the tissue
rolling-up, the cells that reside at anterior and lateral positions in the
heart-forming region are convected to the posterior heart tube at
HH10 (the cells denoted with blue color in panel C of Fig. 2 and the
blue zone on the left side of the embryo in Fig. 7).
These data indicate that cells at a given medial–lateral level –
which corresponds to a given axial level in the primitive streak (A-P
axis) – contribute to very different A-P and V-D positions in the HH10
heart tube, as has been suggested previously (Ehrman and Yutzey,
1999; Stalsberg and DeHaan, 1969).
The positional fate map reported here agrees substantially with a
previous cardiac fate map that showed most cardiac precursor cells
arise from 50 to 70% of the primitive streak at HH3/3+ (Garcia-
Martinez and Schoenwolf, 1993). However, since we tracked the
cranial cardiac precursor cells back to locations very close to the tip of
the primitive streak (Hensen's node), as shown in panel A in Fig. 2 andFig. 6A (see Movies 4 and 5) — we concluded that there are cardiac
precursor cells originating from the tip (100%) of the primitive streak,
or immediately nearby (±10 μm) that contribute to the anterior-
ventral side of the heart tube by HH10.
The spatial separation of cells occurs during the HH5 to HH7 interval
The time-lapse data show that neighboring mesodermal cells mix
relatively frequently at HH4 and HH5, when compared to later stages.
At HH6, neighboring mesodermal cells change their relative positions
less frequently. This regional decrease in mixing begins at anterior
positions, and then propagates posteriorward. We assume the loss of
mixing with neighboring cells is due to the segregation and
epithelialization of mesoderm into two layers: splanchnic mesoderm
and somatic mesoderm. During this time, it is possible to discern the
spatial segregation of cardiac precursor cells into coherent tissue
bands, as denoted with different colors encoding A-P and D-V relative
positional information. These spatial data agree most closely with the
detailed fate map at HH5 prepared by Stalsberg and DeHaan (1969).
We observed that cells clustered within 3–4 cell-diameters at HH
Stage 7 in some cardiogenic regions are later separated by substantial
distances at HH Stage 10 — shifting from a 30 μm to a 300 μm spread.
With our technology, it is possible to discern such ﬁne-tuned spatial
separation of cells with distinct positional fates (10 μm–10,000 μm
spatial scale). Previous studies using DiI and coordinating grids
(Hochgreb et al., 2003; Redkar et al., 2001) were unable to provide
sufﬁcient spatiotemporal resolution to resolve the cellular positional
fates we document above. For example, Redkar et al. incorrectly
concluded that there is a signiﬁcant mixing of cells in the cardiac ﬁeld
up to HH Stage 8 (Redkar et al., 2001). This we now know was due to
lower spatial resolution data, the absence of time-lapse imaging
(temporal resolution) and the fact that cardiac precursor cells “roll-
up” and shift their relative positions dramatically between HH Stage 7
and HH Stage 10. Moreover, the DiI labeling techniques used by
Ehrman and Yutzey (1999) as well as Redkar et al. (2001) could have
labeled endodermal, as well as mesodermal cells.
Hochgreb et al. (2003) provided a more detailed heart fate map,
but also overestimated the degree of anterior and posterior cellular
mixing at HH Stage 8 compared to HH Stage 7 (Hochgreb et al., 2003).
With the advantage of new technology, our data show that spatial
separation of cardiogenic cells slows signiﬁcantly and is “ﬁxed” by HH
Stage 7; thus, supporting the ﬁnding that experimental manipulation
of cardiac A-P fates is only possible up to approximately HH Stage 7
(Hochgreb et al., 2003). However, although cell spatial separation (cell
position with respect to neighboring cells) is ﬁxed by HH Stage 7,
endodermal (tissue-level) folding results in profound cellular posi-
tional changes (i.e. ﬂipping, rotating) between HH7 and 10.
Cell-autonomous motility versus tissue motion; i.e., mesenchymal
motility versus epithelialization
We operationally deﬁne the term “tissue motion” or “tissue
convection” to indicate instances where/when cells are displaced in
a manner that maintains their positional relationships — thus, entire
cohorts of precardiac cells move with the same trajectories. Our data
strongly suggest that after Stage 6, presumptivemyocardial cells begin
to lose their cell autonomousmotility as coherent cardiac tissues form.
Further, between HH Stages 7 and 12, tissue convection is the
predominant mechanism by which cells are moved to their deﬁnitive
positions in the heart. Our ﬁndings are similar, but not identical, to
those of earlier groups (Rosenquist and DeHaan, 1966; Stalsberg and
DeHaan, 1969), who previously reported that the precardiac splanch-
nic mesodermmoves as a sheet beginning at an earlier stage— Stage 5
and this continues until Stage 12.
Our unpublished time-lapse data conﬁrm that tissuemotion occurs
during heart morphogenesis, since extracellular matrix ﬁbrils are
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data; similar in concept to studies by Zamir et al. (2006; 2008)).
Similarly, time-lapse recordings show that ﬂuorescent endocardial
cells also move into the forming tubular heart as a cohesive tissue
(unpublished data, Drs. Lansford (Caltech) and Rongish).
It is important to point out that in certain spatiotemporal
positions – such as the anterior-most cells (Movies 4 and 5) – cells
still exhibit signiﬁcant autonomous cellular motility, well past the
“linear” heart stage (HH10). Studies in zebraﬁsh have also identiﬁed
two distinct phases of cell movements during heart tube assembly,
including an initial coherent medial movement of the cardiomyo-
cytes. This tissue-like movement pattern is followed by an angling of
a subset of cardiomyocytes, located in the periphery, toward the
endocardial precursors (Holtzman et al., 2007). Further, this group
showed that the latter cardiomyocyte behavior pattern is directed by
the endocardium.
Nkx-2.5 and Bmp-2 expression in the primary heart-forming region
The expression patterns of Nkx-2.5 and Bmp-2 (upstream of both
Nkx-2.5 and Gata-4) do not completely overlap with the heart-
forming regions mapped by others (Rosenquist and DeHaan, 1966;
Ehrman and Yutzey, 1999), nor with the heart-forming region
described here. Although Ehrman and Yutzey believed the heart-
forming regionwas deﬁnedmedially, laterally, and posteriorly byNkx-
2.5 gene expression, our data (in both quail and chicken embryos)
show signiﬁcant discrepancies exist between cardiac gene expression
and the heart-forming region. Speciﬁcally, the anterior-most, and
some lateral cardiac precursor cells do not appear to overlap with
Nkx-2.5- and Bmp-2-positive regions until HH10–HH12 (white
arrows and arrowheads in Fig. 2). Further, the data show that cardiac
precursor cells continue to ingress through and exit the primitive
streak at HH4 — an observation that is distinct from the Bmp-2
expression pattern (Schultheiss et al., 1997).
Unlike observations by Ehrman and Yutzey, our dynamic fate
mapping indicates that the heart-forming region extends posterior to
Hensen's node at HH4–5, and also extends posterior to the ﬁrst formed
somite at HH7–8. Like Redkar et al., 2001; we show the posterior
border of the heart-forming region (including sinoatrial precursors) at
HH8 to be at approximately the level of the 4th somite (Redkar et al.,
2001). Moreover, most of the posterior progenitors (labeled with the
color pink), which contribute to part of the future atrium (at HH12), do
not overlap with the Nkx-2.5- nor Bmp-2-positive region until Stage 9.
These discrepancies imply that neither Nkx-2.5 nor Bmp-2
precisely deﬁnes the entire primary heart-forming region (Eisen-
berg, 2002; Redkar et al., 2001; and reviewed in Abu-Issa and Kirby
(2007)). Nevertheless, these two cardiac markers remain reasonable
candidates for identifying most cells that contribute to the linear
heart at HH Stage 10. It remains to be determined whether cardiac
markers such as Isl1 (Abu-Issa et al., 2004; Laugwitz et al., 2008) or
GATA4 (Hochgreb et al., 2003) can identify all primary cardiac
precursors in quail. Further, recent work indicates that Fgf10 is
expressed by a subset of cardiac cells in the anterior second heart
ﬁeld in the mouse (Galli et al., 2008). Markers such as these need to
be studied in avian embryos to determine the onset and location of
their expression.
In summary, a combination of real-time expression of putative
cardiac markers, cell nuclei labeling and tracking, and time-lapse
imaging is needed to address when cardiac lineage fate is speciﬁed
with respect to position fate. In other words, position fate and lineage
fate are distinct cellular properties.
True 3D mapping of primary heart morphogenesis is indicated
Additional, more extensive studies are likely to result in a more
complete positional fate map of precardiac precursors. For example,future studies may use cardiac-speciﬁc promoter-driven plasmids to
increase cell labeling in the tubular heart. Regardless, there is and will
be a need for increased spatial resolution to image the heart as it
increases in thickness; driving a subsequent need for three-dimen-
sional cell tracking. The ﬂuorescently labeled cardiac precursor cells
that contribute to the dorsal side of the heart tube by HH10 are
difﬁcult to track using our current technology. It is likely that if the
positional fate of additional dorsal cells was mapped, the primary
heart-forming region would be larger than depicted by our current
study. We speculate that the blue zone on the right side of the embryo
in Fig. 7 (depicting the progenitors contributing to the dorsal side of
the heart) would extend further anteriorly; and the red zone on the
left side (depicting the progenitors contributing to the anterior heart)
would extend further posteriorly. Currently, image deconvolution and
three-dimensional cell tracking methods are being developed that
will allow more accurate positional fate mapping during early
morphogenesis.
Collectively, the experimental methods used in this study resolved
cellular displacements at 5–7 μm spatial resolution across a wide
length scale (N3 orders of magnitude). The technology allows the
movements of multiple cells at widely-separated regions of the
embryo to be followed, simultaneously. It is tempting to speculate on
the existence of a single heart-forming ﬁeld, as is currently being
debated (Abu-Issa et al., 2004; Moorman et al., 2007; Abu-Issa and
Kirby, 2008). However, further dynamic imaging studies, including 3D
tracking analysis, will be required to place such a conclusion on a ﬁrm
basis.
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